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ABSTRACT 
The Inventory Control System (ICS) offer unique 
characteristics when modulating the gas turbine output power 
to match the required load demand. The unique opportunities 
it offers have made it to be widely used in most nuclear 
powered closed-cycle gas turbine plant design and operations. 
This paper presents a technical study on how the different 
working fluid options affect the design and performance 
characteristics of the inventory control system. The results 
from this study shows that using helium as cycle working 
fluid offers an advantage in terms of Reynolds effect on cycle 
efficiency and also enable the design for compact inventory 
tank size and weight which could have a direct effect on the 
capital cost, due to its thermodynamic characteristics. 
However, the long term operational cost of helium compared 
with other working fluid utilized in this study provides a 
reasonable argument to justify any investment decision. 
 
1. INTRODUCTION 
Despite its controversial reputation, the nuclear energy 
system has been widely recognized to play an important role 
in mitigating the increasing world clean energy demand 
(Abram and Ion 2008; Osigwe, Gad-Briggs, Nikoliadis, et al. 
2018). Currently there are over 400 units of nuclear energy 
systems already built and operated around the world, and so 
many under development (Osigwe, Gad-Briggs, Nikoliadis, 
et al. 2018; Kelly 2014; Locatelli, Mancini, and Todeschini 
2013). The nuclear energy system consists of the nuclear 
reactors, the fuel cycle technology, the energy conversion 
system (Rankine or Brayton Cycle) and the control systems. 
To this extent, there has been on-going research across the 
globe on the improvement of design, control and performance 
for the next generation of nuclear energy system technologies, 
with most publications focusing on the nuclear reactors, and 
the fuel cycle technology (Osigwe, Gad-Briggs, Nikolaidis, et 
al. 2018; Forum Generation IV International 2014). However, 
in the last few years, there has been considerable growing 
interest in the use of closed-cycle gas turbine technology for 
energy conversion of the Generation IV (Gen IV) nuclear 
reactors due to (Olumayegun, Wang, and Kelsall 2016; 
Frutschi 2005; Osigwe 2018; Decher 1994): (a) its easy 
adaptability (b) flexibility to changes in working fluid (c) 
high efficiency of electricity generation at part load (d) high 
level of availability and low maintenance cost. Importantly, 
the closed-cycle gas turbine could also provide potential 
savings in operating cost due to its ability to relatively 
maintain high performance efficiency under varying 
operating conditions, when compared with other advanced 
cycles (Frutschi 2005). This advantage can be achieved by 
implementing appropriate control strategy during the 
operation of the power plant. 
There are different control options that are applicable to 
the successful operation of the closed-cycle gas turbine 
power plant which have been documented in references 
(Bammert and Krey 1971; Covert, Krase, and Morse 1974; 
Botha and Rousseau 2007; Osigwe 2018). The goal of these 
control options when implemented in closed-cycle gas 
turbine would be (a) for the power plant to quickly adjust to 
wide range of fluctuating load variation without significantly 
affecting the cycle thermal efficiency (b) for prevention of 
thermal shocks on plant components during critical transients, 
and (c) for providing automatic control maneuvers during 
plant start up and shut down and (d) for operational stability 
of the plant to avoid eventualities. 
  
To this end, among the various control options mentioned 
in the cited references (Bammert and Krey 1971; Covert, 
Krase, and Morse 1974; Botha and Rousseau 2007; Osigwe 
2018), the inventory control system provide distinct 
characteristics when modulating the gas turbine power output 
to match the required energy or load demand from the grid. It 
has the capability to operate at high part-load efficiency over 
a wide operating range compared with other control options 
(Covert, Krase, and Morse 1974; Decher 1994; Frutschi 
2005; Botha and Rousseau 2007). Consequently, great 
number of researches available in the public domain have 
focused on the use of inventory control systems in terms of 
cycle performance for load-following based on the energy 
mix in the electricity grid as maybe required by the regulators 
(Locatelli et al. 2015; Singh, Kearney, and Manzie 2013; 
Albright et al. 2017; Gad-Briggs, Pilidis, and Nikolaidis 
2017; Munoz de Escalona et al. 2013). In reference (Matimba, 
Krueger, and Mathews 2007), the authors described how 
part-load operation using inventory control system can be 
achieved with multiple tank storage by extracting the 
working fluid from the main gas turbine loop into the storage 
tanks. Similarly, reference (Bitsch and Chaboseau 1970) 
analyzed the relationship between inventory control range, 
total control volume and total helium inventory in the helium 
coolant circuit during part-load operation. Also, in the 
different works of references (Nieuwoudt 2003; Berchtold 
and Keller 1962), the technical design for ICS and its 
performance have been described. 
Exploring the potential that closed-cycle gas turbine offers 
in the use of different working fluid, it seems there is no 
up-to-date assessment on the effect of the different working 
fluid options in the design and performance of the ICS. 
Hence, the purpose of this paper is to present a technical 
study that compares the effect of helium, carbon dioxide, 
nitrogen, and air on the size, weight and cycle performance of 
the ICS for a Gen-IV nuclear powered closed-cycle gas 
turbine during part-load operation. However, it is important 
to mention that the choice of working fluid for the proposed 
Gen IV system is dictated by availability, material 
compatibility, and thermal stability (El-genk and Tournier 
2009; Lee, J. Campbell, and Wright 1981; Robinson 1957).  
The Gen-IV systems applicable to this analysis are the 
Very High-Temperature Reactors (VHTR) and Gas-cooled 
Fast Reactors (GFR). Both reactors are high-temperature 
helium cooled, with core outlet temperatures between 750
0
C 
(1023K) and 950
0
C (1223K). The GFRs uses a fast-spectrum 
core, while the VHTRs utilize graphite moderation in the 
solid state. The benefits of using helium as cooling agent 
include chemical inertness, single phase cooling and 
neutronic transparency (Wang and Gu 2005; El-genk and 
Tournier 2009). However, the use of other working fluids and 
mixtures for reactor cooling such as carbon dioxide, nitrogen, 
argon have been proposed in different studies (Invernizzi 
2017; Osigwe, Gad-Briggs, Nikoliadis, et al. 2018; Ulizar 
Alvarez. 1998). In addition, there are planned and on-going 
developmental projects for GFR and VHTR. These projects 
relate to testing of basic concepts and performance phase 
validation.    
This analysis is demonstrated using thermodynamic and 
empirical relations implemented in GT-ACYSS; a 
performance and preliminary design code developed by the 
authors for closed-cycle gas turbine simulations (Osigwe et al. 
2017). The results from this study show that using helium as 
cycle working fluid offers an advantage in terms of Reynolds 
effect on cycle efficiency and also enable the design for 
compact inventory tank size and weight which could have a 
direct effect on the capital cost, due to its thermodynamic 
characteristics. However, the long term operational cost of 
helium compared with other working fluid utilized in this 
study provides a reasonable argument to justify any 
investment decision. 
 
2. BASIC CONCEPT OF THE INVENTORY CONTROL 
SYSTEM 
As previously highlighted, the inventory control system 
has been widely mentioned as an attractive possibility 
(Gad-Briggs, Pilidis, and Nikolaidis 2017) because it allows 
the power plant to operate within wide range of load 
fluctuation at a good cycle thermal efficiency. The operating 
concept of the control logic is for the power plant to be able 
to store, or save energy during off-peak periods and replenish 
this energy during peak load demand via inventory control 
system (ICS). This means that the working fluid is either 
extracted or injected into the power conversion system, 
resulting in a related change in system pressure, change in 
density, change in mass flow rate and, therefore, also a 
change in power level.  
During the plant operations, the daily fluctuations in power 
demand as a result of varying operating conditions are 
adjusted by means of the inventory control system (ICS), 
which comprises of the inventory control tank (ICT), and 
inventory control valves (ICV) as shown in Fig. 1. When 
reduction of shaft power is required as result of decrease in 
load demand, the ICV1 is opened so that the working fluid 
flows from the HPC into the ICT. The working fluid stored in 
the ICT(s) can be injected back into the power conversion 
circuit by opening of ICV3, and ICV6, if the output power is 
to be increased to full capacity. When inventory control is 
initiated, the heat source temperature and shaft speed are 
controlled to remain constant. 
Figure 2 shows the iteration modelling procedure using 
inventory control at steady state condition. The iteration 
process starts with an initial guess of the turbine mass flow 
required to meet the part load demand. The inventory control 
system is regulated based on the pressure variation between 
the plant cycle and the inventory tank. This variation 
determines the power limit and possibility of maintaining 
high part-load efficiency to which inventory control is 
achieved. However, there are restrictions to the extent the 
inventory control system can maintain a high part load 
efficiency, which include (Osigwe, Pilidis, et al. 2018): (a) 
size and pressure of the inventory storage tank, (b) shaft 
rotational speed effect on blade tips (c) location of inventory 
valves in the cycle loop (d) availability of inventory transfer 
compressor, and (e) cost of implementing any of the options 
listed. 
 
3. METHOD OF ANALYSIS AND EQUATION 
The overall performance of the power plant is a function 
the constituent components of the Generation IV nuclear 
  
power plant; hence, the authors have given an overview of the 
thermodynamic equations implemented in GT-ACYSS for 
the overall performance assessment of the closed-cycle 
utilized in the case study, which is described as follow: 
Turbo-set: This includes the compressor and the turbine. 
The behavior of the turbo-set is described with dimensionless 
parameters such as corrected mass flow, corrected speed, 
pressure ratio, component efficiencies and work functions. 
These parameters are plotted on graphs with lines of pressure 
ratio against corrected mass flow for different corrected speed 
lines and contour lines of constant efficiency. It is essential 
when expressing these parameters that the properties of the 
working fluid are taken into consideration, which is expressed 
as: 
 
𝐶𝑀𝐹 = (
𝑊√𝜃
𝛿
× √
𝑅
𝛾
) , 𝐶𝑆 = (
𝑁
√𝜃𝑅𝛾
) , 𝐶𝐻 = (
𝛥𝐻
√𝜃𝑅𝛾
) (1) 
 
Where, 
𝜃 =
𝑇
𝑇𝑟𝑒𝑓
, 𝑎𝑛𝑑 𝛿 =  
𝑃
𝑃𝑟𝑒𝑓
 
The compressor exit temperature is given by the expression 
𝑇𝑐𝑜𝑢𝑡 = 𝑇𝑐𝑖𝑛 +
𝑇𝑐𝑖𝑛
Ƞ𝑐
[(
𝑃𝑐𝑜𝑢𝑡
𝑃𝑐𝑖𝑛
)
(
𝛾−1
𝛾
)
− 1] 
(2) 
 The compressor exit pressure is derived from the given 
pressure ratio as: 
𝑃𝑅𝑐 =  
𝑃𝑐𝑜𝑢𝑡
𝑃𝑐𝑖𝑛
= 𝑓 (𝐶𝑀𝐹, 𝐶𝑆) 
(3) 
The compressor work (CW), is a product of the mass flow, 
specific heat capacity at constant pressure and the overall 
temperature rise in the compressor. This is given as: 
𝐶𝑊 = 𝑊𝐶𝑝(𝑇𝑐𝑜𝑢𝑡 − 𝑇𝑐𝑖𝑛) (4) 
Similarly, turbine exit temperature is given by: 
𝑇𝑡𝑜𝑢𝑡 = 𝑇𝑡𝑖𝑛 − 𝑇𝑡𝑖𝑛Ƞ𝑡 [1 − (
𝑃𝑡𝑜𝑢𝑡
𝑃𝑡𝑖𝑛
)
(
𝛾−1
𝛾
)
] 
(5) 
And turbine work is expressed as: 
𝑇𝑊 = 𝑊𝐶𝑝(𝑇𝑡𝑜𝑢𝑡 − 𝑇𝑡𝑖𝑛) (6) 
The turbine discharge pressure ratio is calculated using Eq (7) 
𝑃𝑅𝑡 =  
𝑃𝑡𝑜𝑢𝑡
𝑃𝑡𝑖𝑛
=  𝑃𝑅𝑐 [
∑(1 −  𝛥𝑃)𝐻𝑃𝑆
∑(1 +  𝛥𝑃)𝐿𝑃𝑆
]   
(7) 
 
Heat Exchangers: The heat exchangers which include the 
recuperator, gas heater and pre-cooler were modeled using the 
ɛ-NTU method and a counter-flow shell and tube 
configuration was assumed. The ɛ-NTU method was used 
since the inlet condition (temperature and pressure) of the fluid 
stream can be easily obtained and simplifies the iteration 
involved in predicting the performance of the flow 
arrangement. This method is fully described in references 
(Shah and Sekulic 2003; Kakac and Liu 2002). The approach 
also assumes that the heat exchanger effectiveness is known 
and the pressure losses are given. 
Therefore, the effectiveness of the heat exchanger is the 
ratio of the actual heat transfer rate to the thermodynamically 
limited maximum heat transfer rate available in a counter flow 
arrangement. 
ɛ =  
𝑄𝑎𝑐𝑡𝑢𝑎𝑙
𝑄𝑚𝑎𝑥
 
=
𝐶ℎ𝑜𝑡(𝑇ℎ𝑜𝑡𝑖𝑛 − 𝑇ℎ𝑜𝑡𝑜𝑢𝑡)
𝐶𝑚𝑖𝑛 (𝑇ℎ𝑜𝑡𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑𝑖𝑛)
 
=  
𝐶𝑐𝑜𝑙𝑑(𝑇𝑐𝑜𝑙𝑑𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑𝑖𝑛)
𝐶𝑚𝑖𝑛 (𝑇ℎ𝑜𝑡𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑𝑖𝑛)
 
(8) 
Where, 
𝐶𝑚𝑖𝑛  = {
𝐶ℎ𝑜𝑡  𝑓𝑜𝑟 𝐶ℎ𝑜𝑡 < 𝐶𝑐𝑜𝑙𝑑
𝐶𝑐𝑜𝑙𝑑 𝑓𝑜𝑟 𝐶𝑐𝑜𝑙𝑑 < 𝐶ℎ𝑜𝑡
   
(9) 
 
𝐶ℎ𝑜𝑡 = (𝑊𝐶𝑃)ℎ𝑜𝑡 𝑓𝑙𝑢𝑖𝑑 𝑆𝑡𝑟𝑒𝑎𝑚 
𝐶𝑐𝑜𝑙𝑑 = (𝑊𝐶𝑃)𝑐𝑜𝑙𝑑 𝑓𝑙𝑢𝑖𝑑 𝑆𝑡𝑟𝑒𝑎𝑚 
(10) 
For counter flow shell and tube heat exchangers, number of 
transfer unit (NTU) is given by: 
𝑁𝑇𝑈 =
𝐿𝑂𝐺𝑒 [
2 − ɛ(1 + 𝐶∗ − 𝜂𝐻𝑒𝑥
2 − ɛ(1 + 𝐶∗ + 𝜂𝐻𝑒𝑥
]
𝜂𝐻𝑒𝑥
 
    
(11) 
Where, 
𝐶∗ = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 𝑟𝑎𝑡𝑖𝑜 =
𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥
 
    
(12) 
 
𝜂𝐻𝑒𝑥 =  (𝐶
∗2 + 1)0.5 (13) 
  The inlet and out pressures of the heat exchangers were 
calculated from the relative pressure losses given by 
𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛(1 − ∆𝑃) (14) 
 
Reactor Model: The reactor was modeled as a heat source 
supplying reactor thermal power at a specified temperature 
and efficiency. The heat gained is given by: 
𝑄𝑔 = 𝑊𝐶𝑝(𝑔𝑎𝑠)∆𝑇 (15) 
 The heat source pressure loss is calculated in a similar way 
as shown in Eq. (14). The power plant thermodynamic states 
of temperature and pressure at all components were obtained 
by solving Eqs. (1) – (15) 
 
Cycle Performance Calculation: The overall plant cycle 
assessment is represented as shaft output power (SOP), 
specific output power (SP), and cycle thermal efficiency. 
These are given by the following equations: 
𝑆𝑂𝑃 = 𝑇𝑊 − 𝐶𝑊/Ƞ𝑚 (16) 
The capacity of the plant is represented as specific power 
(SP), given by: 
  
𝑆𝑃 = 𝑆𝑂𝑃/𝑊 (17) 
The cycle thermal efficiency is given by: 
Ƞ𝑡ℎ = 𝑆𝑂𝑃/𝑄𝑔 (18) 
 
Next is the present the operating model for the inventory 
control system. As previously mentioned, the inventory 
control system consists of the inventory control tank (ICT), 
piping and valve fittings (ICV). Equations (19) – (45) 
presents the basic models implemented in GT-ACYSS for the 
assessment and comparison of the effect of carbon dioxide, 
helium, nitrogen and air in the performance and size of the 
ICS. 
Inventory Load Control Model:  
This model is implemented to assess the minimum and the 
maximum power range the ICS can handle during working 
fluid extraction and injection into the closed-cycle gas turbine 
loop based on the fluid properties for a given load demand 
from the grid. This was derived from a modified model of 
reference (Bitsch and Chaboseau 1970). Thus, 
Minimum equilibrium inventory – control power range is 
given as 
𝛺𝑚𝑖𝑛 =  
1 +
𝑀𝑇1
𝑀𝐺𝑇5
1 +  𝜓 (
𝑀𝑇1
𝑀𝐺𝑇5
)
 
(19) 
For multi ICT option, where n > 1, then 
𝛺𝑚𝑖𝑛 = 𝛺𝑚𝑖𝑛
1
𝑛 (20) 
The maximum equilibrium inventory – control power 
range is given by 
𝛺𝑚𝑎𝑥 =  
1 +
𝑀𝑇1
𝑀𝐺𝑇5
1 + (
𝜓
𝑂𝑃𝑅) (
𝑀𝑇1
𝑀𝐺𝑇5
)
 
(21) 
Where 
𝜓 =
𝑃5
𝑃𝑇1
 
(22) 
  𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑡𝑎𝑛𝑘 
  𝑂𝑃𝑅 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑐𝑦𝑐𝑙𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑟𝑎𝑡𝑖𝑜 
 
Thermo-fluid model 
To model the thermodynamic behaviour of the plant 
utilising inventory control, the law of conservation of mass, 
conservation of momentum and conservation of energy was 
used to balance the fluid extraction and injection in the 
GT-cycle and storage tank relationship (Matimba, Krueger, 
and Mathews 2007). 
∆𝑀𝑇 = ∆𝑀𝐺𝑇 (23) 
Where, 
∆𝑀𝑇 =
∆𝑃𝑇×𝑉𝑇
𝑅𝑇𝑡
=
∆𝑃𝐺𝑇×𝑉𝐺𝑇
𝑅𝑇𝐺𝑇
= ∆𝑀𝐺𝑇 (24) 
Energy balance is given by 
𝛿𝑄 − 𝛿𝑊 = 𝛿𝑈 +  𝛿𝑃𝐸 + 𝛿𝐾𝐸 
𝛿𝑊 = 0, 𝛿𝐾𝐸 = 0, 𝛿𝑃𝐸 = 0 
(25) 
Since the storage tank is a stationary closed system and no 
boundary work is done, it means that 𝛿𝐾𝐸 =  𝛿𝑃𝐸 = 0 . 
Where, KE is the kinetic energy and PE potential energy. 
 
Storage Tank and GT-cycle loop 
 During low power demand (part-load operation), the 
ICV1 is opened for extraction of working fluid into the 
inventory tanks, the HPC discharge temperature remain 
constant during the extraction process. This is so because the 
heat supplied from the reactor is kept constant, hence the 
temperature across the gas turbine gas path remains constant 
and the large variation of the HPC temperature to the storage 
tank initial temperature. Similarly during the injection into 
the GT-cycle loop, the reverse was the case with opening of 
the ICV3 and ICV6. 
Assuming the inventory tank is design such that there is a 
slow in change temperature throughout the extraction process 
from the gas turbine HPC discharge into the ICT. This is 
achieved by intermittently transferring the working fluid into 
the ICT, such that the ICT is allowed to cool by some degree 
before further extraction. Then equations (26) and (27) can be 
used to obtain the total mass and volume of the ICT.  
∆𝑀𝑇 = (1 − 𝛺𝑚𝑖𝑛) × 𝑀𝐺𝑇5 (26) 
 
𝑉𝑇 = [
(1 − 𝛺𝑚𝑖𝑛) × 𝑀𝐺𝑇5 × 𝑅𝑇𝑡
(𝑃𝑡2 − 𝑃𝑡1)
]  
(27) 
However, in reality there is variation in temperature of the 
inventory tank as a result of rapid heat and mass transfer from 
the gas turbine HPC discharge temperature during the 
extraction process. Therefore, the total volume of gas in the 
ICT is obtained as follows; 
𝑉𝑇 = [
(1 − 𝛺𝑚𝑖𝑛) × 𝑀𝐺𝑇5 × (𝑅𝑇𝑡2 − 𝑅𝑇𝑡1)
(𝑃𝑡2 − 𝑃𝑡1)
]  
(28) 
From equation (27) and (28) the tank final temperature is 
calculated as 
𝑇𝑡2 =  [
𝑇𝑡1𝐶𝑣𝑀𝑇1 + 𝐶𝑝𝐺𝑇(∆𝑀𝐺𝑇)𝑇𝐺𝑇
𝐶𝑣𝑀𝑇2
]  
(29) 
To minimise the effect of heat transfer into the storage 
tank, perforated insulation is implemented on the internal of 
the storage tank to absorb the heat from the GT-Cycle loop 
fluid, thus lowering the tank temperature and consequently 
the pressure build-up allowing more fluid to be stored. 
Hence, the ICT final temperature is given as; 
𝑇𝑡2 =  𝑇𝑐𝑎𝑝 + ∆𝑇𝑙𝑎𝑔 (30) 
Where 𝑇𝑐𝑎𝑝 is the temperature of insulation and ∆𝑇𝑙𝑎𝑔 is 
the temperature difference between the cycle working fluid 
flowing to storage tank and 𝑇𝑐𝑎𝑝 
  
 
Valve Model 
Mass flow through the ducting valve during inventory 
change was determined using equation (31) – (32)   
𝑊 = √
∆𝑃 × 𝜌
2𝑓 (
𝐿
𝐷)
 
(31) 
Mass flow rate 
𝑑𝑊
𝑑𝑡
= 𝑊𝐴 
(32) 
 
Sizing and weight model 
The inventory control system consists of the storage tank 
(ICT) and valves (ICV). For the purpose of this study, 
cylindrical pressure vessel was selected. This type of pressure 
vessel is generally preferred because they present simple 
manufacturing problem and better use of available space. To 
design the pressure vessel, ASME VIII code was used as 
reference guide (PDHOnline Course 2012). The ASME code 
design criteria consist of basic rules specifying the design 
method, load, allowable stress, acceptable materials and 
fabrication. 
The pressure vessel was formed from cylindrical shells, 
two ellipsoidal head, saddle supports, valves and 
reinforcement, and an insulator perforated on the walls of the 
cylindrical shell (Frutschi 1979; Nieuwoudt 2003). The 
procedure for determining the optimum size and weight of 
the storage pressure vessel based on references (Moss 2004; 
Megyesy 1973) was as follow 
First the tank capacity factor F was determined with 
equation (33) 
𝐹 =
𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛
𝐶 × 𝑆𝑎 × 𝐸
, 0 ≤ 𝐶 ≤ 0.125,
0.85 ≤ 𝐸 ≤ 1 
(33) 
𝑆𝑎 is the stress value of tank material used (steel) 
Where  
   𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛 = (𝑃5 + 𝑃𝑡1) × 𝐽 (34) 
Using the Value of F and Total Volume of Fluid in storage 
tank, the diameter D is obtained from reference (Moss 2004; 
Megyesy 1973; Osigwe, Pilidis, et al. 2018), and total length 
of pressure vessel storage tank is given by 
𝐿 =
4𝑉𝑇
𝜋𝐷2
 
(35) 
The thickness of the cylindrical shell (𝐶𝑆𝑇𝑇) is obtained 
as follows 
𝐶𝑆𝑇𝑇 =
𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛 × 𝑟𝑖
[𝑆𝑎𝐸 − 0.6𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛]
+ 𝐶   
(36) 
The internal volume of the cylindrical shell (Vcs) was then 
obtained as  
𝑉𝑐𝑠 = 𝜋𝑟𝑖
2ℎ (37) 
Where 𝑟𝑖 is the storage tank internal radius 
The maximum allowable stress used to determine the 
minimum pressure vessel storage wall thickness was based 
on material properties from references (PDHOnline Course 
2012; Moss 2004) 
Similarly, the required thickness of the dished head 
ellipsoidal (EHT) was obtained by 
𝐸𝐻𝑇 =
𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛 × 𝐷 × 𝐾
[2𝑆𝑎𝐸 − 0.2𝑃𝑡𝐷𝑒𝑠𝑖𝑔𝑛]
+ 𝐶 ,
𝐾 =
[2 + (𝐷/2ℎ)2]
6
 
(38) 
Where K is the stress intensification factor 
Volume of the ellipsoidal (Ve) was calculated as  
𝑉𝑒 =
2𝜋𝑟𝑖
2
3
 
(39) 
The total volume can be written in terms of ellipsoidal and 
cylindrical shell volume as 
𝑉𝑇 = 𝑉𝑐𝑠 + 𝑉𝑒 (40) 
Therefore, the insulator volume (Vc) was obtained, since 
the internal volume is occupied by the perforated insulator 
𝑉𝑐 = 𝑉𝑇 −
𝑤𝑐
𝜌𝑐
 
(41) 
Having obtained the volume, the weight of the cylindrical 
shell was obtained from (Moss 2004) 
𝑊𝐶𝑆 = 𝜋 × 𝐷 × 𝐶𝑆𝑇𝑇 × 𝐿 × 𝜌 (42) 
Weight of the ellipsoidal head (WEH) is given as (Moss 
2004) 
𝑊𝐸𝐻 = 1.084𝐷
2 × 𝐸𝐻𝑇 × 𝜌 (43) 
Weight of insulator (Wc) is given as  
𝑊𝐶 = 𝑉𝑇 × 𝐻𝐶𝑟𝑎𝑡𝑖𝑜 × 𝜌 (44) 
Therefore, the total weight of the Pressure vessel storage 
tank is given as 
 𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡𝐼𝐶𝑆 = (𝑊𝐶𝑆 + 𝑊𝐸𝐻 + 𝑊𝐶)  (45) 
The rated power and plant efficiency for the different 
working fluids used in this analysis was obtained from 
simulations in GT-ACYSS for the mass flow as shown in 
Table 1 based on characteristics shown in Table 2. The 
part-load operation was simulated to understand the impact of 
the different working fluids on the cycle performance taking 
into account the effect of Reynolds number. Also, during the 
part-load operation, there is a transfer of mass from the main 
gas turbine system to the inventory tank. Using the Eqs (19) 
to (45) modelled in GT-ACYSS, to analyze the effect of the 
selected working fluids on the inventory control level in 
terms of mass of the inventory tank, volume of the inventory 
and response rate of the valves, as the selected working fluid 
  
is transferred from the main cycle system to the inventory 
tank under part-load operations. 
 
4. CASE STUDY – ENGINE SYSTEM DESCRIPTION 
  To set the objective of this paper, an 
intercooled-recuperated closed-cycle gas turbine was utilized 
in the analysis. The main design characteristics of the 
reference plant used in this study were based on the cycle 
shown in Fig (1). The cycle consist of a low-pressure 
compressor (LPC), intercooler (IC), high-pressure 
compressor (HPC), recuperator heat exchanger (RX), 
gas-heater (GH), turbine, and  a pre-cooler (PC). Both the 
LPC and HPC are driven on a single shaft. A summary of the 
plant characteristic is described in Table 1. The pressure rise 
from the HPC was utilized to ensure natural transfer of the 
working gas between the storage tank and the GT-cycle loop. 
  From the diagram presented in Fig.1, the ICVs refer to the 
inventory control valves. The valve lift of the ICVs is 
actuated by an output controller, which has an input signal of 
the difference between the nominal and actual power output. 
This variation triggers the opening and closing of the ICVs. 
Further explanation on the valve operation is discussed in 
reference (Osigwe 2018). The heat source temperature and 
mass flow was simulated the same for all working fluid and 
other plant characteristics as shown in Table 1. This is to give 
a reasonable comparison on the behavior of each selected 
working used in this analysis. However, in reality the 
maximum attainable temperature may differ for each working 
fluid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 Summary of Power Plant Design Point Description 
Description Unit 
Heat Source Temp. 1100 (K) 
LPC Pressure ratio 1.65 
LPC Inlet Pressure 8.2 (atm.) 
LPC Inlet Temperature 290 (K) 
HPC Pressure ratio 2.40 
LPC& HPC efficiency 86 (%) 
Turbine efficiency 90 (%) 
Flow rate at LPC 230 (kg/s) 
IC effectiveness 90 (%) 
RX & GH effectiveness 90 (%) 
Tank pressure 8.2 (atm.) 
Initial tank volume 2100m
3 
GT cycle volume  1500m
3 
 
 
 
 
 
 
Figure 1 Schematic of Intercooled-Recuperated Closed-Cycle Gas Turbine Coupled Indirectly to a Nuclear Reactor 
Figure 2 Iterative Procedure for Cycle using Inventory Control Strategy 
 
  
Table 2 Simulated cycle performance at constant mass flow 
Working fluid Simulated Power (MW) Efficiency (%) 
Air 40.8 41.2 
Carbon dioxide 27.50 39.8 
Helium 170.14 41.98 
Nitrogen 43.28 41.5 
 
5. RESULTS AND DISCUSSION 
At first, the effect of Reynolds number on the cycle 
performance was analyzed for the different working fluids. 
Reynolds number describes the relative importance of fluid 
resistance to flow. For any flow gas condition, this is 
reflected as the ratio of body forces (reflecting velocity and 
momentum effects) to viscous forces (causing frictional 
pressure losses (Wilson and Korakianitis 1998; Wassel 1968; 
Bullock 1964). As the working fluid moves out and into the 
gas turbine cycle loop, the resistance effect to flow could 
impact on the cycle performance.  
Thus, the turbomachinery component efficiency correction 
is given by: 
 
1 − Ƞ𝑓𝑙𝑢𝑖𝑑 = 𝐾[𝑅𝑒𝑓𝑙𝑢𝑖𝑑]
−𝑛
 
 
𝑛 = 0.2 𝑓𝑜𝑟 𝑅𝑒 > 0.45 ∗ 105, 𝑛 = 0.5 𝑓𝑜𝑟 𝑅𝑒
< 0.45 ∗ 105 
(46) 
 
Where Reynolds number is expressed as 
 
𝑅𝑒 =
𝜌𝑈𝑚𝐿𝑚
𝜇
 
(47) 
Where Um is the velocity, and 𝐿𝑚 is the characteristics 
length 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 3, the effect of Reynolds number on the 
cycle performance is almost un-noticed for helium fluid with 
0.2% drop in efficiency, while air had 0.9% drop, nitrogen 
1.1% and carbon dioxide 1.5% drop in cycle efficiency at 
50% part-load. These changes can be traced to the molecular 
weight and properties of the fluid. The drop in efficiency has 
an implication on the operational cost of the plant in terms of 
Reynolds number effect. However, there are other factors that 
could also contribute to the overall assessment of the 
operational cost, especially the cost of the working fluid. The 
cost of helium is almost five (5) times the cost carbon dioxide 
and about seven times the cost of nitrogen, which would add 
the operational cost since the working fluid in the loop is 
changed on an annual basis. 
Based on the assumptions made for the initial volume of 
the inventory tank and gas turbine (GT) cycle loop, the initial 
mass of the inventory tank and the GT cycle before the start 
of part-load operation were obtained using Eqs (24). The 
result of the initial mass is shown in Fig. 4. Due to the 
molecular weight of helium, it gives an advantage for a 
compact inventory tank and GT cycle system design. Thus, 
this also have a direct effect on the capital cost of the plant. 
Also, assuming that the size of inventory tank is kept constant 
for all working fluids, it would imply that utilizing helium 
will accommodate more fluid volume compared with other 
working fluids used in this study. This would mean, that the 
ICS can be operated to accommodate more part-load 
operation (for example up to 30% low grid demand) without 
having a significant effect on the overall plant efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
During part-load operation, the working fluid in the GT 
cycle is transferred into the inventory control tank. Figure 5 
shows the mass of fluid taken out from the GT cycle at the 
opening of inventory valves from 100% load to 50% load. 
Similarly, Fig. 6 describes the total mass of the inventory 
tank as the load requirement moves from full load to 50%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Effect of Reynolds number on cycle efficiency at 
part-load operation 
Figure 4 Mass of Inventory tank and GT cycle before part-load 
operations 
Figure 5 Mass of working fluid leaving the GT cycle during 
part-load operation 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similarly, Fig.7 shows the total volume of the inventory 
tank at full load to 50% load. This implies that the level of 
the inventory control at part-load can be influenced by the 
working fluid for a fixed inventory tank size. In figure 8, for 
a fixed valve diameter, the response rate of carbon dioxide 
was the least, as a result of its molecular weight. To increase 
the rate of response for carbon dioxide will require a larger 
valve size diameter, which means, an additional cost. 
Although helium seems to show some reasonable advantage 
over other fluids, it is, however, necessary for a full economic 
assessment to be done to validate its viability.    
 
6. CONCLUSIONS 
The overarching results from this analysis can be 
concluded as follow 
 The choice of working fluid in the closed-cycle gas 
turbine has an effect on the inventory control system 
and overall cycle performance due the 
thermodynamic and transport properties of the fluid. 
 Helium seems to have an advantage over other 
working used in the analysis in terms of Reynolds 
effect and compact design (size and weight). This is 
due to its low molecular weight and high specific 
heat properties. However, the cost of helium could 
affect the investment decision of using it.  
 For a fixed inventory tank size, helium would 
accommodate more fluid volume compared with 
other working fluids used in this study, which means 
that the ICS can be operated to accommodate more 
part-load operation (for example up to 30% low 
output power) without having a significant effect on 
the cycle performance because the effect of 
Reynolds number is almost un-noticed as the fluid 
moves from the GT-cycle into the tank. This is not 
the same for fluid like carbon dioxide 
 For a fixed mass flow and a given heat source 
temperature, helium is almost five times greater in 
output power compared to air and nitrogen. Thus, 
comparing the ratio of the output power to the 
inventory tank volume of each working fluid in this 
study shows an advantage capacity for helium 
 
NOMENCLATURE 
 
A  flow annulus area (m
2
) 
C   corrosion allowance 
Cp   specific heat at constant pressure 
Cv  specific heat at constant volume 
CH  corrected enthalpy 
CMF   corrected mass flow 
CW   compressor work 
D    diameter 
E    joint efficiency 
F    capacity factor 
GT   gas turbine 
H    enthalpy (J/kgK) 
HPC  high pressure compressor 
HST   heat source temperature (reactor) 
ICS   inventory control system 
ICT  inventory control tank 
ICV  inventory control valve 
J  factor of safety 
K   stress intensification factor 
L    length (m) 
LPC  low pressure compressor 
MGT   mass of gas turbine cycle loop 
MT   mass of tank 
N    rotational speed (rpm) 
Figure 6 Total mass of ICT during part-load operation 
Figure 7 Total volume of inventory tank during part-load operation 
Figure 8 Working fluid responses to ICS part-load operation 
  
P    pressure (Pa) 
PT   pressure of tank (Pa) 
PR   pressure ratio 
Qactual actual heat transfer rate 
Qg  heat supplied from the nuclear reactor 
R    specific gas constant (J/kgK) 
Sa  stress value of tank material 
T   temperature (K) 
Tcap  temperature of insulation in tank 
TW   turbine work 
V  velocity (m/s) 
VT  volume of tank (m
3
) 
W  mass flow (kg/s) 
 
Greek letters 
  density (kg/m3) 
γ  ratio of specific heats 
δ    referred pressure parameter 
θ   referred temperature parameter 
η    efficiency 
μ      viscosity (Ns/m
2
) 
ε     effectiveness 
ƒ   friction factor 
∆   difference 
Ω   inventory control range 
 
 
Subscripts 
1-13  engine station number 
c  compressor 
cin   compressor inlet 
cout    compressor outlet 
t   turbine, tank 
tin     turbine in 
tout    turbine out 
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